P eptidoglycan (PGN) synthesis is an essential process that is both spatially and temporally regulated to ensure that the bacterial cell shape is maintained 1 . Rod-shaped bacteria elongate by synthesizing PGN along the length of the cell in a process directed by the cytoskeletal protein MreB 2 . In Escherichia coli and Bacillus subtilis, this protein polymerizes into short filaments that move processively around the cell diameter and organize a multi-protein machinery, including PGN synthesis proteins, referred to as the elongasome or the Rod system [3] [4] [5] . Cell division is dependent on another cytoskeletal protein, FtsZ, which polymerizes to form the Z-ring and recruits a multi-protein complex responsible for septum synthesis, known as the divisome 6, 7 . This complex directs PGN incorporation to midcell, resulting in inward PGN synthesis, and eventually bisects the mother cell, leading to daughter cell separation.
P eptidoglycan (PGN) synthesis is an essential process that is both spatially and temporally regulated to ensure that the bacterial cell shape is maintained 1 . Rod-shaped bacteria elongate by synthesizing PGN along the length of the cell in a process directed by the cytoskeletal protein MreB 2 . In Escherichia coli and Bacillus subtilis, this protein polymerizes into short filaments that move processively around the cell diameter and organize a multi-protein machinery, including PGN synthesis proteins, referred to as the elongasome or the Rod system [3] [4] [5] . Cell division is dependent on another cytoskeletal protein, FtsZ, which polymerizes to form the Z-ring and recruits a multi-protein complex responsible for septum synthesis, known as the divisome 6, 7 . This complex directs PGN incorporation to midcell, resulting in inward PGN synthesis, and eventually bisects the mother cell, leading to daughter cell separation.
Ovococci, such as Streptococcus pneumoniae and Lactococcus lactis, lack MreB, and FtsZ is proposed to coordinate both elongation and septation [8] [9] [10] . In these organisms, PGN is incorporated at midcell in two defined modes: (1) at the lateral wall, eventually increasing the length of the cell, and (2) inwards, to synthesize the septum and future cell poles. Cocci, such as Staphylococcus aureus, also require FtsZ for divisome assembly and lack components of the elongasome, including MreB, consistent with its spherical shape 9 . Directed PGN incorporation is accomplished by different sets of transglycosylases (TGs) and transpeptidases (TPs), the enzymes involved in the final stages of cell wall synthesis, that promote PGN polymerization and crosslinking, respectively 11 . Key proteins involved in these steps are the penicillin-binding proteins (PBPs) that can be class A PBPs (aPBPs), with both TG and TP activity, or class B PBPs (bPBPs), which possess only TP activity and have a second domain of unknown function 11 . Some bacteria also have monofunctional glycosyltransferases, enzymes with a TG domain with homology to the TG domain of aPBPs 11 . More recently, RodA and FtsW, members of the shape, elongation, division and sporulation (SEDS) protein family, were also shown to have TG activity [12] [13] [14] . Together, the SEDS and bPBPs have been proposed to form TG-TP cognate pairs, involved in cell elongation (RodA) and cell division (FtsW) in rod-shaped bacteria 14, 15 . Compared to rod-shaped bacteria, S. aureus encodes a small number of PBPs: one bifunctional aPBP (PBP2), two bPBPs (PBP1 and PBP3) and one low-molecularweight PBP (PBP4) with TP activity 16 . However, similarly to rods, it contains two SEDS proteins (FtsW and RodA). Given the proposed roles of SEDS-bPBP pairs in elongation and division of rodshaped bacteria, why a coccus requires two sets of these proteins has remained a long-standing question.
Although the cell shape of S. aureus is close to spherical, we have recently used super-resolution microscopy to show that S. aureus cells elongate slightly during growth 17 . Here, we investigated whether SEDS-bPBP cognate pairs occur in S. aureus and their role in directing PGN incorporation during the cell cycle.
Results
RodA-PBP3 and FtsW-PBP1 form cognate pairs in S. aureus. To understand whether SEDS proteins and bPBPs function together in cocci such as S. aureus, we investigated the essentiality of the SEDS
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Nathalie T. Reichmann 1, 6 , Andreia C. Tavares 1, 6 , Bruno M. Saraiva proteins FtsW and RodA and the bPBPs PBP1 (encoded by pbpA) and PBP3 (encoded by pbpC). Previous data have shown that PBP1 is essential 18 , whereas growth is unaffected in the absence of PBP3 (ref. 19 ). We were able to delete rodA from the methicillin-resistant S. aureus strain COL, but not ftsW. Thus, ftsW was placed under the the control of isopropyl-β-d-1-thiogalactopyranoside (IPTG)-inducible Pspac promoter at an ectopic locus before deletion of the native copy, resulting in the strain ColFtsWi. The same strategy was implemented for pbpA, giving rise to ColPBP1i. Growth curves of the null RodA (ColΔrodA) and PBP3 (ColΔpbpC) mutants mimicked that of COL, and the growth rate was maintained even in the absence of both genes (ColΔrodAΔpbpC), showing that RodA and PBP3 are not essential (Fig. 1a) . Similar results were obtained in the background of the community-acquired methicillin-resistant S. aureus strain JE2 (Supplementary Fig. 1 ). Although wholegenome sequencing (Supplementary Table 1) showed the presence of single-nucleotide polymorphisms (SNPs) in ColΔrodAΔpbpC, no SNPs were present in JE2ΔrodAΔpbpC, indicating that no suppressor mutations are required for the viability of a mutant lacking RodA and PBP3.
In contrast to RodA and PBP3, depletion of FtsW or PBP1 resulted in growth inhibition, indicating that these proteins are essential for cell viability (Fig. 1b) . To determine whether the essential functions of FtsW and PBP1 are related to their roles in PGN synthesis, the growth of active site mutants was assessed. Conserved tryptophan and aspartic acid residues, shown to abolish TG activity in B. subtilis RodA 14 , were identified in S. aureus FtsW (W121 and D287) and RodA (W111 and D286). Point mutations were introduced into superfolder green fluorescent protein (sGFP) fusions to FtsW, which were expressed at basal Pcad promoter levels, from a multicopy plasmid. Unlike wild-type FtsW-sGFP, these mutated proteins could not complement the growth of ColFtsWi in the absence of ); ColpWP1 versus ColpmCherry-sGFP-TM (P = 0.0011); and ColpAP1 versus ColpJP1 (P = 0.0671). TM, transmembrane anchor. e, FRET efficiency determined by seFRET of strains ColpWP1 (n = 212), ColpAP1 (n = 158) and ColpAP3 (n = 141), performed in triplicate. P values were calculated for the following pairs of results: ColpWP1 versus ColpAP1 (P < 10
) and ColpAP1 versus ColpAP3 (P < 10
−16
). Data in panels d and e are represented as scatter plots in which the middle line represents the mean and the top and bottom lines are s.d. Statistical analysis was performed using a two-sided Mann-Whitney U-test. **P < 0.01 and ****P < 0.0001.
IPTG, although they localized to the divisome, indicating that FtsW essentiality is dependent on its TG activity ( Supplementary Fig. 2 ). By contrast, the PBP1TP mutant carrying the S314A mutation in the TP active site (which abolished binding of the substrate analogue Bocillin-FL) was not affected in terms of growth rate, despite having decreased PGN crosslinking (Supplementary Fig. 3 ). This suggests Volume (μm 3 ) P 1 i n i t i a l P 1 f i n a l P 2 i n i t i a l P 2 f i n a l P 3 i n i t i a l P 3 f i n a l P 1 i n i t i a l P 1 f i n a l P 2 i n i t i a l P 2 f i n a l P 3 i n i t i a l P 3 f i n a l 0.8
Longer/shorter cell axis ). For panels b-d, data are represented as scatter plots in which the middle line represents the mean and the top and bottom lines show the s.d. Experiments were performed in triplicate. Statistical analysis was performed using a two-tailed Mann-Whitney U-test. *P < 0.05 and ****P < 0.0001. that PBP1 has a second role, as previously proposed 20 . Comparable results have been obtained in B. subtilis, in which introduction of a point mutation in the TP active site of the essential protein PBP2B did not lead to loss of cell viability 21 . A recent study on the localization patterns of PGN synthesis proteins demonstrated that FtsW and PBP1 are almost exclusively septal localized and arrive at the divisome at a similar time, whereas RodA and PBP3 are enriched at the septum but can also be observed at the peripheral membrane 22 . Given that cognate SEDS-bPBP pairs are likely to colocalize, we decided to correlate the time of arrival of each SEDS protein with the two S. aureus bPBPs in colocalization studies. We observed a high percentage of colocalized FtsWmCherry with sGFP-PBP1 (96%, n = 577) and RodA-mCherry with sGFP-PBP3 (84%, n = 441), whereas FtsW-mCherry with sGFP-PBP3 and RodA-mCherry with sGFP-PBP1 were not as temporally coordinated (57%, n = 523 and 51%, n = 481 of cells showed colocalization of these proteins, respectively) ( Supplementary Fig. 4 ). In fact, cells with septal FtsW-mCherry arriving ahead of sGFP-PBP3 (22%, n = 523) and septal sGFP-PBP1 arriving ahead of RodAmCherry (49%, n = 481) were identified (Fig. 1c , white arrows, and Supplementary Fig. 4 ), whereas the reverse was not observed, overall supporting the notion that FtsW-PBP1 and RodA-PBP3 may form two complexes.
Together, these results suggest that FtsW and PBP1 form an essential cognate pair that is recruited to the divisome before RodA and PBP3. To determine whether these proteins directly interact, we performed fluorescence lifetime imaging microscopy-Förster resonance energy transfer (FLIM-FRET) using S. aureus cells expressing plasmid-encoded sGFP-PBP1 fluorescent fusion and mCherry fusions to the SEDS proteins. As PBP1 localizes to midcell, fluorescence lifetime analysis was restricted to septa. The coexpression of sGFP-PBP1 and FtsW-mCherry in S. aureus cells caused a drop in the average fluorescence lifetime of sGFP compared to the lifetime of sGFP-PBP1 expressed alone (1.59 ± 0.10 versus 1.80 ± 0.09 ns respectively; Supplementary Fig. 5a ), equating to a FRET efficiency (E) of 11.5 ± 5.3% (n = 90) (Fig. 1d) . Similarly, high E values were observed for mCherry fused directly to sGFP and anchored to the membrane (tandem control mCherry-sGFP-TM, E = 14.8 ± 4.8%, n = 50), whereas E values for RodA-mCherry and sGFP-PBP1 were consistently lower (E = 5.9 ± 5.3%, n = 90) (Fig. 1d) . These data indicate that PBP1 preferentially interacts with FtsW and not with RodA. Importantly, FLIM is independent of donor (sGFP-PBP1) concentration 23 and we have confirmed that acceptor (FtsW-mCherry or RodA-mCherry) concentrations were similar (Supplementary Fig. 5b ). To rule out the possibility of interactions being detected purely due to enrichment at the septum, an mCherry fusion to another almost exclusively septal-localized protein, the putative lipid II flippase MurJ, was also probed for interactions with sGFP-PBP1 and was found to have low E values (4.3 ± 6.0%, n = 90) (Fig. 1d ). Our data on the FtsW-PBP1 interaction agrees with the fact that PBP1 can be co-purified with an affinity-tagged FtsW when both proteins are co-expressed in E. coli 12 .
Despite attempts to detect interactions with the sGFP-PBP3 fusion by FLIM-FRET, its fluorescence was too weak under the conditions used. Thus, we decided to test protein-protein interactions by sensitized emission FRET (seFRET), allowing lower expression levels of fluorescent fusions to be examined. Using this approach, we were able to detect interactions between RodA-mCherry and sGFP-PBP3 occurring at the septum (E = 7.7 ± 2.3%, n = 141) (Fig. 1e) . Furthermore, we detected E = 6.8 ± 2.8% (n = 212) for sGFP-PBP1 and FtsW-mCherry, compared to E = 2.0 ± 1.2% (n = 158) for sGFP-PBP1 and RodA-mCherry (Fig. 1e) , corroborating the FLIM-FRET data and providing in vivo evidence that both FtsW-PBP1 and RodA-PBP3 form cognate pairs.
Elongation of S. aureus is mediated by RodA-PBP3.
Having established that RodA-PBP3 and FtsW-PBP1 are the most likely S. aureus cognate TG-TP pairs, we decided to investigate their functions. B. subtilis RodA was recently shown to possess TG activity in vitro and its overexpression conferred resistance to moenomycin, an antibiotic that targets classical TG domains, but to which SEDS proteins are insensitive 14 . Given their essentiality, moenomycin sensitivity under FtsW or PBP1 depletion conditions could not be accurately determined. However, analysis of ColΔrodA demonstrated that this strain was hyper-susceptible to moenomycin, whereas overexpression of RodA-PBP3 (ColpRodA-PBP3) led to an increase in moenomycin resistance (Fig. 2a) . Introduction of the TG active site point mutations W111A and D286A was sufficient to cause a decrease in the minimum inhibitory concentration (MIC) without decreasing RodA-sGFP septal localization (Fig. 2a,b) . Although moenomycin does not inhibit TP activity, ColΔpbpC had increased moenomycin susceptibility (Fig. 2a) , indicating that RodA activity may be impaired in the absence of PBP3. Accordingly, we saw that RodA-sGFP requires PBP3 for correct septal localization (independently of its TP activity), whereas the opposite was not observed (Fig. 2b) .
Previous analysis of the cell shape of S. aureus has revealed that these cocci are slightly eccentric and elongate prior to septum synthesis 17 . Thus, we evaluated whether an S. aureus SEDSbPBP pair was responsible for this slight elongation. Although lack of RodA and/or PBP3 did not alter progression of the cell cycle ( Supplementary Fig. 6 ), the double mutant was consistently enlarged and cells were less elongated than the wild type, both in the COL background (Fig. 2c,d ) and in the JE2 background ( Supplementary Fig. 7a ), pointing to a role of the RodA-PBP3 pair in generating the slightly elliptical shape of S. aureus. A lack of either PBP3 or RodA was sufficient to generate more spherical COL cells, and elongated cell shape was restored following complementation of ColΔrodAΔpbpC with plasmid-encoded RodA and PBP3 ( Supplementary Fig. 7b,c) .
For cell elongation to occur, PGN must be incorporated into defined regions of the cell. In rod-shaped bacteria, PGN synthesis is directed to the long axis by MreB, whereas ovococci (which lack MreB) incorporate PGN at midcell along the lateral wall. To understand where PGN insertion takes place for S. aureus elongation, we used fluorescent d-amino acids (FDAAs) 24 to label PGN synthesis. We found that 15 ± 3% (n = 900) of the wild-type cells had enriched HADA incorporation at midcell prior to any visible membrane invagination (Fig. 2e, asterisks) , indicating that S. aureus elongation may occur through a process analogous to ovococci. Importantly, in the absence of PBP3 and RodA, the number of cells with this sidewall HADA incorporation was reduced to less than 2 ± 3% (n = 900), strengthening the notion that RodA-PBP3 mediates elongation of S. aureus by directing PGN synthesis to the sidewall at midcell. Altogether, these data support a model in which PBP3 recruits RodA to midcell and modulates its activity, and together, this protein pair directs the sidewall insertion of PGN that leads to slight elongation of the S. aureus cell.
The FtsW-PBP1 cognate pair is essential for inward PGN incorporation at the septum. To determine the function of the essential proteins FtsW and PBP1, we imaged ColFtsWi and ColPBP1i depleted of IPTG over time. Both strains became progressively enlarged and with an indentation at midcell, clearly demonstrating a defect in cell division (Fig. 3a,b, Supplementary Fig. 8a ,b and Supplementary Videos 1, 2 and 4). Most strikingly, and contrary to mutants with deletion of the genes encoding RodA and PBP3, a lack of FtsW or PBP1 led to elongated cells (Fig. 3a,b and Supplementary  Fig. 8a,b) . This not only highlights the key role of FtsW-PBP1 in synthesizing the septum but also that the two cognate pairs most likely play opposing roles in defining the S. aureus cell shape.
Given that PBP1 TP activity is not required for growth, we tested whether the morphological phenotypes of the PBP1-depleted cells were dependent on PBP1 TP activity. Compared to the parental strain COL, ColPBP1TP cells showed cell separation defects, in which daughter cells began to synthesize the future division septum while still attached (Fig. 3c,d and Supplementary Fig. 8c,d , white arrows). After completion of septum synthesis, cells did not quickly pop apart, as observed with COL, but instead slowly acquired an indentation at midcell (Supplementary Videos 3 and 4). However, the elongation phenotype that is characteristic of the PBP1-depleted cells was not observed in the PBP1TP mutant ( Fig. 3c and Supplementary Fig. 8c ), reinforcing the idea that PBP1 has a second function besides its TP activity.
A second line of evidence pointing to an early function of PBP1, separate from its role in PGN synthesis, comes from the fact that FtsW and PBP1 localize early at midcell, but inward septum synthesis is not initiated until the lipid II flippase MurJ is recruited to the divisome 22 . Given the elongation phenotype of FtsW-depleted or PBP1-depleted cells, we reasoned that this cognate pair could have an initial structural role in divisome assembly and that cell elongation could arise from destabilization of the divisome. Thus, we determined the localization of FtsZ and its negative regulator EzrA 25, 26 (as a proxy) following depletion of FtsW and PBP1. Imaging of FtsZ-sGFP and EzrA-sGFP, after depletion of FtsW or PBP1, revealed the presence of multiple rings or arcs spread across the long axis of the cell, indicating that FtsW and PBP1 have a stabilizing effect on the divisome, maintaining it at midcell ( Fig. 4a and Supplementary Fig. 9a ). These extraneous Z-rings appeared capable of recruiting downstream proteins of the divisome, as multiple rings were also observed for FtsW, MurJ and RodA in the absence of PBP1 (Supplementary Fig. 9a ). Thus, it seemed likely that cell elongation was due to PGN incorporation organized by the mislocalized divisome. To test this, we observed the incorporation of FDAAs following depletion of either FtsW or PBP1. Initial imaging showed faint septal incorporation, with peripheral signal throughout the cell (Supplementary Fig. 10 ). Given that the low-molecular-weight PBP4 is responsible for the majority of peripheral FDAA incorporation in S. aureus 17 , it was possible that a signal corresponding to divisome localization could have been masked by PBP4 activity. Thus, we repeated these experiments in the absence of PBP4 and found that, similarly to the divisome localization, multiple PGN incorporation rings were visible along the long axis of the mutant ( Fig. 4c and Supplementary Fig. 9b ). HADA staining of these strains expressing EzrA-sGFP confirmed that the insertion of PGN was directed by the mislocalized divisome, indicating that cell elongation is caused by lateral PGN insertion at defined regions of the cell ( Fig. 4b and Supplementary Fig. 9c ). Together, these data support a model in which both SEDS-bPBP cognate pairs are responsible for maintaining the cell shape by directing PGN synthesis to the sidewall or septum during the cell cycle of S. aureus.
Discussion
In rod-shaped bacteria, the elongasome (via MreB) ensures synthesis along the long axis of the cell, resulting in elongation, whereas the divisome (via FtsZ) promotes inward synthesis of the septum 7, 27 . Each of these machineries includes a specific SEDS-bPBP pair that is required for lateral or septal synthesis of PGN 15 . Cocci, such as S. aureus, lack a canonical elongasome including an MreB protein. However, they do encode two SEDS proteins whose role was so far unknown. Given that SEDS proteins are promising targets for new antimicrobial compounds 13 , it is of particular importance to study their role in bacterial pathogens such as S. aureus. We have now confirmed the existence of two SEDS-bPBP cognate pairs of interacting proteins in S. aureus. The RodA-PBP3 pair is recruited to midcell and promotes sidewall insertion of PGN, leading to slight cell elongation, in a manner reminiscent of pre-septal PGN synthesis of E. coli 11 or Caulobacter crescentus 28 , or peripheral PGN synthesis responsible for cell elongation in ovococci 8 , both of which are dependent on FtsZ. The second SEDS-bPBP pair, FtsW-PBP1, is essential for cell viability and is required for inward PGN synthesis at the division site. Interestingly, the essential function of PBP1 is not dependent on its TP activity, suggesting that this protein has a second function. While writing this manuscript, data from the Walker laboratory demonstrated that S. aureus PBP1 stimulates the essential TG activity of FtsW, independently of its TP active site 12 , which could explain the essentiality of PBP1. This regulation of the activity of SEDS proteins and bPBPs may be essential to avoid the synthesis of uncrosslinked glycans 29 , which has been shown to lead to a toxic futile cycle of glycan synthesis and degradation in E. coli 30 (although such a cycle has not been identified in S. aureus so far). We now propose an additional mode of regulation of SEDS proteins by cognate bPBPs through protein localization. Our data have shown that S. aureus PBP3 is required for the septal localization of RodA and most likely modulates its activity, as the lack of the TP PBP3 causes a similar increase in susceptibility to moenomycin (an inhibitor of classical TGs) as the lack of RodA.
We also found that the FtsW-PBP1 pair has an additional function in stabilizing the divisome. FtsW has been previously suggested to have a role in divisome activation in E. coli and C. crescentus 31, 32 . Here, we showed that the S. aureus FtsW-PBP1 pair is required to maintain the divisome at midcell, as depletion of these proteins led to multiple rings or arcs of FtsZ or EzrA that were present across the long axis of the cell. FtsW and PBP1 arrive early to the divisome of S. aureus, even before the lipid II flippase MurJ 22 . Thus, it is possible that a major function of FtsW-PBP1 is to stabilize the early divisome before this SEDS-bPBP pair initiates TG and TP activity in the orientation perpendicular to the membrane, which is required to begin septum synthesis. In the absence of these proteins, the normally compact midcell divisome mislocalizes to the peripheral wall, leading to cell elongation.
In conclusion, we propose that S. aureus maintains its slightly ellipsoid shape through the coordinated activities of two cognate SEDS-bPBP pairs that insert new PGN in two distinct manners at midcell (Fig. 5) . Newborn cells incorporate PGN around the entire surface 17, 33 . Just before septum inward growth is initiated, RodA-PBP3 localizes at midcell and incorporates PGN at the sidewall, whereas FtsW-PBP1 stabilizes the assembly of the divisome during initial stages of cytokinesis. Importantly, the TP activity of PBP1 is required to ensure that cell wall maturation of the closed septum concludes with rapid daughter cell separation and reshaping of the septum. Together, these SEDS-bPBP pairs localize PGN incorporation, and this balance between sidewall and septal PGN synthesis is crucial in conserving the S. aureus cell shape. Our findings suggest that cell shape development in cocci, ovococci and rods presents more similarities than previously thought, with the three morphologies requiring protein complexes for elongation and division.
Methods
Bacterial growth conditions. Strains and plasmids used in this study are listed in Supplementary Table 2 . E. coli strains were grown in Luria-Bertani broth (VWR) or Luria-Bertani agar (VWR) at 37 °C. S. aureus strains were grown in tryptic soy broth (TSB; Difco) or on tryptic soy agar (VWR) at 37 °C. When necessary, culture media were supplemented with antibiotics (100 μg ml −1 ampicillin, 50 μg ml −1 kanamycin, 50 μg ml −1 neomycin, 10 μg ml −1 erythromycin or 10 μg ml −1 chloramphenicol), with 100 μg ml −1 5-bromo-4-chloro-3-indolyl β-d-galactopyranoside (X-gal; Apollo Scientific), with 0.5 mM (ColFtsWi) or 0.01 mM (ColPBP1i) IPTG (Apollo Scientific) or with 0.1 µM cadmium chloride (Sigma-Aldrich).
Construction of S. aureus strains.
The primers used in this study are listed in Supplementary Table 3 . Plasmids were initially constructed in E. coli, then introduced in S. aureus RN4220 strain by electroporation, as previously described 34 , and finally transduced to the strain of interest using phage 80α 35 . For the construction of ColFtsWi and ColPBP1i, a second copy of each gene was first introduced at the ectopic spa locus, under the control of an IPTG-inducible Pspac promoter, prior to the deletion of the native loci copies. Briefly, a DNA fragment containing a ribosome binding site (RBS) and the ftsW or pbpA gene was amplified by PCR from the S. aureus strain COL with primers 4179/4180 and 4470/202, respectively. Each PCR fragment was digested with SmaI/XhoI and cloned into The slight elongation of S. aureus cells depends on the activity of RodA-PBP3, which catalyse sidewall synthesis of PGN at the future division site (grey in the inset). In the absence of this cognate pair, staphylococcal cells become rounder. The FtsW-PBP1 pair has a dual function during cell division. This pair is required for septal PGN synthesis, possibly to reorient the synthesis of PGN from the lateral wall to the perpendicular septum, promoting inward growth of the septum, as well as to stabilize the divisome. In the absence of FtsW-PBP1, the divisome is no longer localized exclusively at midcell, but forms multiple rings or arcs that are capable of promoting PGN synthesis, leading to cell elongation.
pBCB13, downstream of the Pspac promoter, giving pBCB13-ftsW and pBCB13-pbpA. Integration-excision was performed in COL or COL tet S as previously described 36 , resulting in ColFtsWhigh and ColPBP1high. To delete the native copies of ftsW, rodA and pbpC, upstream and downstream regions of each gene of interest were amplified from COL using primers 3049/3050 and 3051/3052 (for ftsW), 3056/3057 and 3058/3059 (for rodA) and 2587/2588 and 2589/2590 (for pbpC). In each case, the two fragments were joined by overlap PCR using primers 3049/3052, 3056/3059 and 2587/2590, respectively, digested with SmaI/BamHI (ftsW and rodA) or EcoRI/BamHI (pbpC) and cloned into pMAD, originating pMAD-ΔftsW, pMAD-ΔrodA and pMAD-ΔpbpC. Integrationexcision of pMAD-ΔrodA and pMAD-ΔpbpC in COL tet S and COL, respectively, resulted in the strains ColΔrodA and ColΔpbpC. The plasmid pMAD-ΔrodA was also introduced into ColsGFP-PBP3 (ref. 22 ) and ColΔpbpC, and integrationexcision generated ColΔrodAsGFP-PBP3 and ColΔrodAΔpbpC, respectively. Whole-genome sequencing of ColΔrodA, ColΔpbpC and ColΔrodAΔpbpC was performed and SNPs are shown in Supplementary Table 1. Integration-excision of pMAD-rodAsgfp in ColΔpbpC resulted in ColΔpbpCRodA-sGFP. The plasmid pMAD-ΔpbpC was also integrated-excised in S. aureus USA300 JE2, originating JE2ΔpbpC. Integration-excision of pMAD-ΔrodA in JE2ΔpbpC originated JE2ΔrodAΔpbpC, and whole-genome sequencing of chromosomal DNA confirmed the absence of both genes, without the introduction of additional SNPs.
Despite several attempts, deletion of the full pbpA gene was unsuccessful. In case we were affecting the expression of the essential mraY gene (290 bp downstream of pbpA), we instead constructed pMAD-ΔpbpA to include a stop codon followed by the last 340 bp of pbpA using primers 3806/5772 and 5773/5774. Overlap PCR was performed with primers 3806/5774 and the full fragment was digested with BglII/BamHI and cloned into pMAD, generating pMAD-ΔpbpA.
The plasmids pMAD-ΔftsW and pMAD-ΔpbpA were introduced into ColFtsWhigh and ColPBP1high, and integration-excision in the presence of IPTG resulted in deletion of the native genes, originating ColFtsWlow and ColPBP1low. The plasmid pMGPII, encoding the Pspac repressor LacI, was transduced into these strains and into COL tet S , giving rise to ColFtsWi, ColPBP1i and ColpMGPII. For the construction of ColPBP1TP, a pbpA allele encoding the TP point mutation S314A (by substitution of TCA for GCA at bases 940-942) was placed under the control of the Pspac promoter by first amplifying the Pspac promoter and a RBS from pBCB13 using primers 1285/4235, and the pbpA gene encoding PBP1 S314A from pSKP1S314A, using primers 4236/3490. The two fragments were joined by overlap PCR using primers 1285/3490, digested with EcoRI/BamHI and cloned into pMAD, to give pMAD-pbpATP. Integration-excision was performed in COL tet S in the presence of 0.5 mM IPTG and the chromosomal DNA of the resulting ColPBP1TP was sent for whole-genome sequencing, confirming the absence of SNPs with the exception of S314A.
For the construction of ColPBP3TP, base substitutions encoding the TP point mutation S392G (TCTTCT for GGATCC at bases 1,174-1,179) were introduced into a 1-kb fragment of pbpC by amplifying 500-bp fragments from COL using primers 4980/4981 and 4982/4983. The two fragments were digested with BamHI, ligated and amplified using primers 4980/4983, digested with EcoRI/SalI and cloned into pMAD, resulting in pMAD-pbpCTP. Integration-excision of this plasmid in COL tet S resulted in ColPBP3TP. Integration-excision of pMADrodAsgfp in ColPBP3TP resulted in ColPBP3TPRodA-sGFP.
For the localization studies of EzrA, sGFP was amplified from pTRC99a-P7 using primers 2949/3350, digested with NheI/XhoI and cloned into pBCBAJ001, giving pMAD-ezrAsgfp, which was transduced to ColFtsWi and ColPBP1i. Integration-excision resulted in the introduction of a 3′ sgfp fusion to the native copy of ezrA, generating strains ColFtsWiEzrA-sGFP and ColPBP1iEzrA-sGFP, respectively.
For construction of the pbpD-deletion strains, the plasmid pΔpbpD was transduced into ColFtsWi, ColPBP1i, ColFtsWiEzrA-sGFP and ColPBP1iEzrA-sGFP, and following integration-excision, generated the strains ColFtsWiΔpbpD, ColPBP1iΔpbpD, ColFtsWiΔpbpDEzrA-sGFP and ColPBP1iΔpbpDEzrA-sGFP, respectively.
For localization of FtsZ, pCN-ftsZ [55] [56] sGFP was transduced into ColFtsWi and ColPBP1i, generating ColFtsWipFtsZ-sGFP and ColPBP1ipFtsZ-sGFP, respectively. For localization studies in ColPBP1i, transduction and integrationexcision of the pMAD-ftsWsgfp, pMAD-murJsgfp and pMAD-rodAsgfp plasmids gave rise to ColPBP1iFtsW-sGFP, ColPBP1iMurJ-sGFP and ColPBP1iRodA-sGFP, respectively.
For the colocalization studies with FtsW-mCherry, the plasmids pMADsgfpPbp1 and pMAD-sgfpPbp3 were transduced into ColFtsW-mCherry, and following integration-excision, generate the strains ColWP1 and ColWP3, respectively. For the colocalization studies with RodA-mCherry, this fusion was first introduced into COL. Briefly, the final 1,051 bp of the rodA gene, excluding the stop codon, and its downstream region were amplified using primers 2284/5665 and 5546/2287, respectively. The mCherry gene was amplified from the pROD17 plasmid using primers 5599/5545. Fragments were joined by overlap PCR using primers 2284/2287, digested with SmaI/BamHI and cloned into the pMAD vector, originating pMAD-rodAmCh. Integration-excision in COL gave rise to ColRodA-mCherry. The rodA-mCherry fusion was then amplified from ColRodAmCherry using primers 5707/5941, digested with BamHI/KpnI and cloned into pCNX, resulting in pCNX-rodAmCh. This plasmid was transduced into COL tet S , ColsGFP-PBP1 and ColsGFP-PBP3, giving ColpRodA-mCherry, ColP1pA and ColP3pA, respectively.
For the inducible expression of FtsW-mCherry, ftsW-mCherry was amplified from the strain ColFtsW-mCherry using primers 5706/5671, digested with BamHI/ EcoRI and cloned into pCNX, resulting in pCNX-ftsWmCh. This plasmid and empty pCNX vector were introduced into COL tet S , giving ColpFtsW-mCherry and ColpCNX, respectively.
For the inducible expression of sGFP-PBP1, sgfp-pbpA was first cloned into the plasmid pBCB13, before amplification and introduction into pCNX. For the construction of pBCB13-sgfppbpA, a fragment containing sgfp was amplified from pTRC99a-P7 using primers 3112/3211 and the pbpA gene was amplified from COL using primers 1387/202. The two fragments were joined by overlap PCR using primers 3112/202, digested with SmaI/XhoI and cloned into pBCB13. Primers 3599/3600 were then used to amplify the sgfp-pbpA fragment, digested with BamHI/EcoRI and cloned into pCNX, resulting in pCNX-sgfppbpA. This plasmid was transduced into COL tet S , giving ColpsGFP-PBP1. For the inducible expression of sGFP-PBP3, primers 6404/5668 were used to amplify sgfp-pbpC from ColsGFP-PBP3, introducing a RBS at the 5′ end. This PCR was re-amplified using primers 5440/5668 to add a BamHI restriction site, and following digestion with BamHI/EcoRI, was cloned into pCNX, resulting in pCNX-sgfppbpC. Transduction of this plasmid into COL tet S gave ColpsGFP-PBP3. For the inducible expression of PBP3, primers 5704/5668 were used to amplify pbpC from COL, digested with BamHI/EcoRI and cloned into pCNX, resulting in pCNX-pbpC. Transduction of this plasmid into ColΔpbpCRodA-sGFP generated ColΔpbpCRodA-sGFPpPBP3.
For the complementation experiments, sGFP fusions to wild type and point mutants of FtsW and RodA were expressed from pCNX. Briefly, ftsW-sgfp and rodA-sgfp fragments were amplified from ColFtsW-sGFP and ColRodA-sGFP using primers 4179/5603 and 5609/4041, digested with SmaI/EcoRI or BamHI/ KpnI and cloned into the pCNX vector, originating pCNX-ftsWsgfp and pCNXrodAsgfp. In FtsW, amino acid exchange was performed by mutating ftsW bases 361-363 from TGG to GCA (W121A) and bases 859-861 from GAT to GCA (D287A). Mutations were introduced by amplifying pCNX-ftsWsgfp with primers 5547/5548 or 5553/5554, originating plasmids pCNX-ftsW For complementation of Col∆rodA∆pbpC and the overexpression studies, rodA was amplified from pCNX-AP1 (see below) using primers 6686/6682 and pbpC was amplified from COL using primers 6683/6692. These fragments were introduced into BamHI-digested pCNX using the Gibson assembly cloning kit (NEB), originating plasmid pCNX-rodA-pbpC. This plasmid was introduced into COL and Col∆rodA∆pbpC, resulting in ColpRodA-PBP3 and Col∆rodA∆pbpCpRodA-PBP3.
For the FLIM and seFRET experiments, plasmids co-expressing fluorescent fusions were designed. In general, mCherry fluorescent protein fusions were amplified with a RBS and flanked with BamHI and NotI restriction sites, and sGFP fluorescent protein fusions were amplified with a RBS and flanked with NotI and EcoRI sites. Digested PCR products were ligated to BamHI/EcoRI-digested pCNX, resulting in a RBS and mCherry fusion, followed by a second RBS and sGFP fusion placed under a cadmium-inducible promoter. Specifically, ftsW-mCherry, murJmCherry and rodA-mCherry were amplified using primers 5706/6052, 5708/6052 and 5707/6052 from ColFtsW-mCherry, ColMurJ-mCherry and ColRodAmCherry, respectively. The GFP fusions sgfp-pbpA and sgfp-pbpC were amplified using primers 6053/3600 and 6053/5668 from ColsGFP-PBP1 and ColsGFP-PBP3, respectively. Digestion and ligation gave rise to plasmids pCNX-WP1, pCNX-JP1, pCNX-AP1 and pCNX-AP3, and transduction into COL tet S resulted in strains ColpWP1, ColpJP1, ColpAP1 and ColpAP3, respectively.
As a positive membrane control for FLIM, a fusion between mCherry, sgfp and a fragment of pbpB encoding its transmembrane domain (amino acids 2-34) was cloned into pCNX. Primers 6407/6398 were used to amplify mCherry from ColFtsW-mCherry, gfp was amplified from pTRC99a-P7 using primers 6399/3809 and the pbpB fragment was amplified from COL using primers 6400/5187. These three fragments were joined by overlap PCR using primers 3599/5187, digested with BamHI/SmaI and cloned into pCNX, resulting in pCNX-mChsgfpTM. Transduction into COL tet S gave ColpmCherry-sGFP-TM. To construct a positive cytoplasmic control for seFRET, an mCherry-sgfp fusion was cloned into pCNX. Primers 6407/6398 were used to amplify mCherry from ColFtsW-mCherry and gfp was amplified from pTRC99a-P7 using primers For the fluorescence microscopy experiments, S. aureus cultures were grown to mid-exponential phase (OD 600 of 0.6-1.0) before pelleting. Cells were suspended in PBS and placed on a thin layer of agarose (1.2% in PBS). For timelapse microscopy, cells were suspended in TSB and spotted on 1.2% agarose in a 50% TSB/PBS (COL) or 100% TSB (JE2) slide, before imaging every 3 or 5 min. In the case of ColFtsWi, ColPBP1i and their derivatives, overnight cultures were back-diluted to an OD 600 of 0.1 and grown for 3 h in the presence of 0.5 mM and 0.01 mM IPTG, respectively. Cells were washed three times with TSB and grown in the presence or absence of IPTG. Cells were then harvested and prepared for microscopy as described above.
To observe the localization of PGN incorporation, S. aureus cells were consecutively incubated with 250 μM of the FDAAs HADA, NADA and TDL 24,41 for 10 min, as previously described 42 . Cells were washed with PBS, mounted on a PBS agarose pad and imaged.
To label S. aureus membranes, cells were stained with Nile red (Invitrogen) at a final concentration of 5 µg ml −1 for 5 min at 37 °C, washed with PBS and then placed on PBS agarose pads for imaging. To label the S. aureus cell wall, cells were stained with a mixture of equal volumes of vancomycin (Sigma) and a BODIPY FL conjugate of vancomycin (Van-FL; Molecular Probes) at a final concentration of 0.8 µg ml −1 for 5 min at 37 °C, washed with PBS and then placed on PBS agarose pads for imaging.
Microscopy analysis. Cell axes and volumes were calculated as previously described 17 . In brief, an ellipse was first fitted to the border of Nile red-stained cells, overlaying the fluorescence signal. The longer and shorter axes were then measured and used to calculate the ratio of the long/short axis. These axes were also used to calculate the volume based on a prolate spheroid.
The fluorescence ratio of the septal/peripheral signal was measured using the 25% brightest pixels, using in-house software, eHooke, as previously described 22 .
For cell elongation analysis, the long/short cell axis ratio was calculated using eHooke 22 . For this, individual cells were segmented and the smallest box possible was fitted around each cell. The box length was considered the cell long axis and the box width was considered the cell short axis. The percentage of cells with an axis ratio higher than 1.25 (approximately percentile 95 of COL) was then calculated for each strain.
To calculate the percentage of cells with multiple rings, two-dimensional SIM images were analysed for single rings (a single line or two opposite foci depending on the cell orientation) or multiple rings (multiple lines or more than two foci). Cells without rings were excluded from analysis.
To calculate the percentage of cells with midcell HADA in phase 1, 100 Nile red-stained cells without a septum were assessed from 3 different images for each strain. Experiments were performed in triplicate.
For cell-cycle distribution analysis, Nile red-stained cells were classified into one of three cell-cycle phases, as previously described 17 . In brief, phase 1 refers to the first stage of the cell cycle, before the initiation of septum synthesis, phase 2 is the stage of septum synthesis and phase 3 cells have a complete septum, undergoing maturation before daughter cell separation. Assays were performed in triplicate.
Transmission electron microscopy. ColFtsWi and ColPBP1i were initially grown in the presence of IPTG before being washed and back-diluted with and without IPTG until the mid-exponential phase. Sample preparation was performed essentially as previously described 26 . Briefly, cell pellets were suspended in a primary fixative solution (2.5% glutaraldehyde + 1% osmium tetroxide in 0.1 M PIPES buffer at pH 7.2) for 1 h at 4 °C, with gentle movement. Cells were then washed 5 times with MilliQ H 2 O to remove the fixative and suspended in 3-4% agarose. Small sections of agarose-embedded cells were incubated overnight at 4 °C in 0.5% uranyl acetate. The following day, samples were washed with MilliQ H 2 O twice and dehydrated using 10-min steps in ethanol (30-100%), anhydrous icecold acetone and anhydrous room temperature acetone. Samples were gradually shifted into 100% Spurr's resin and polymerized for 24 h at 60 °C. Ultrathin sections (90 nm) were mounted on 200 mesh Cu grids and stained with Reynold's lead citrate. Excess stain was removed with degassed water and transmission electron microscopy imaging at 120 kV was performed on a FEI Tecnai 12 microscope, using a Gatan OneView CMOS camera with Digital Micrograph 3.0 software, at the Electron Microscopy Facility at the Instituto Gulbenkian de Ciência.
FLIM.
Cultures were grown to the mid-exponential phase in TSB supplemented with 0.1 µM cadmium chloride. Cells were pelleted and suspended in PBS, before being spotted on a PBS agarose pad. FLIM measurements were performed by timecorrelated single-photon counting using a Leica TCS SP5 confocal microscope with a ×63 apochromatic water immersion objective (NA of 1.2; Zeiss) coupled to a multiphoton titanium-sapphire laser (Spectra-Physics Mai Tai BB) as the excitation source. FLIM data were acquired during 120 s. The excitation wavelength was set to 840 nm and the emission light was selected with a dichroic beam splitter with an excitation SP700 short-pass filter and an emission 525 ± 25 nm band-pass filter inserted in front of the photomultiplier. Images were acquired using a Becker and Hickl SPC 830 module. Fluorescence decays in the septum of each cell were calculated by integrating the FLIM data for all pixels of each septum. Fluorescence 6399/4041. These two fragments were joined by overlap PCR using primers 3599/4041, digested with BamHI/KpnI and cloned into pCNX, resulting in pCNX-mChsgfp. Transduction into COL tet S gave ColpmCherry-sGFP.
Whole-genome sequencing. Chromosomal DNA was purified using a standard phenol chloroform extraction technique 37 (for strains COL and ColPBP1TP) or the Wizard Genomic DNA Purification Kit Protocol (for strains ColΔrodA, ColΔpbpC, ColΔrodAΔpbpC, JE2 and JE2Δpbp3ΔrodA). Libraries were prepared at the Gene Expression Unit (Instituto Gulbenkian de Ciência, Oeiras, Portugal) by simultaneous fragmentation and tagging using the Nextera DNA Library Preparation Kit. Sequencing was performed on a MiSeq instrument (Illumina) with a 2 × 300-cycle kit, resulting in an average raw genomic coverage superior to 100×.
The computational pipeline Breseq version 0.32.1 (ref.
38
) with default settings was used to map the obtained paired-end reads against the genome of parental strains COL or JE2 and to predict mutations and structural variations. The resulting percentage of mapped reads ranged from 86.6% to 99.8%. Only predicted mutational events present in at least 50% of the mapped reads were included in Supplementary Table 1 .
Growth curves. Overnight cultures were back-diluted to an optical density at 600 nm (OD 600 ) of 0.02 in TSB and grown for 8 h, with OD 600 measurements taken every hour. In the case of ColFtsWi, ColPBP1i and their derivatives, overnight cultures were washed 4 times with TSB and back-diluted to an OD 600 of 0.02 in TSB with or without IPTG. At OD 600 of approximately 1, cells were similarly washed and back-diluted to an OD 600 of 0.05. Measurements of OD 600 were taken every hour.
MIC assays.
Moenomycin MIC was determined using broth microdilution in sterile 96-well plates, where overnight cultures were diluted to a cell density of ~5 × 10 5 colony-forming units per ml in wells containing 2-fold dilutions of moenomycin. Plates were incubated aerobically for 24 h at 37 °C, and end point growth was assessed visually. All assays were performed in triplicate.
HPLC analysis of muropeptides. PGN purification from mid-exponential-phase cultures was performed as previously described 39 . Preparation of muropeptides was performed by digestion with mutanolysin (Sigma) and reduction with sodium borohydride (Sigma), before analysis by reverse-phase HPLC using a Hypersil ODS column (Thermo Electron Corporation). Areas under the curve (AUCs) of integrated peaks were calculated using the Shimadzu Prominence LC solution version 1.21 SP1 software. The percentage of each peak was calculated based on the ratio of the peak AUC over the sum of the AUC of all integrated peaks.
Total protein extraction, western blot analysis and Bocillin-FL binding. For protein extraction, S. aureus cultures were grown in 50 ml TSB to an OD 600 of 0.8. Cells were lysed using glass beads in a Fast Prep FP120 (Thermo Electro Corporation), separated from the glass beads by centrifugation for 1 min at 1,630g and centrifuged for 15 min at 16,000g to remove unbroken cells. Total protein content present in the supernatant was quantified using the BCA protein assay kit (Pierce), and 50 μg protein extract were loaded in each well of a 10% SDS-PAGE gel and separated at 80 V for 2 h. For the detection of fluorescent proteins, the gel was imaged in a FujiFilm FLA-5100 Fluorescent Image Analyser using a 473-nm/ LPB filter for sGFP fusions and a 532-nm/LPFR filter for mCherry fusions. For western blotting, COL and ColPBP1TP samples were transferred to a Hybond-P polyvinylidene difluoride (PVDF) membrane (GE Healthcare) using a semi-dry transfer cell (Bio-Rad), blocked for 1 h with 5% milk in PBS-T (0.5% Tween 20 in PBS) and incubated at 4 °C with anti-PBP1 (ref. 40 ) overnight. Washed membranes were then incubated for 1 h with HRP-conjugated goat anti-rabbit secondary antibody (GE Healthcare), and bands were visualized using the ECL Plus Western Blotting Detection Kit (Amersham) and a Chemidoc XRS + Imaging System (Bio-Rad). Bocillin-FL binding was performed by incubating 100 μg total protein extract with 100 μM Bocillin-FL for 15 min at 30 °C before adding 5× SDS-PAGE sample buffer to give a 1× concentration. Following 15 min of incubation at 30 °C, samples were centrifuged at 16,000g for 1 min and half the sample volume (equal to 50 μg protein) was loaded on a 10% SDS-PAGE gel and separated at 80 V for 2 h. Fluorescent bands were then visualized using a 532-nm laser in an FLA-5100 reader.
S. aureus imaging by fluorescence microscopy. Structured illumination microscopy (SIM) was performed using an Elyra PS.1 microscope (Zeiss) with a plan-apochromat 63× /1.4 oil differential interference contrast M27 objective. SIM images were acquired using 3 or 5 grid rotations, with a 34-μm grating period for the 561-nm laser (100 mW), a 28-μm period for the 488-nm laser (100 mW) and a 23-μm period for the 405-nm laser (50 mW), and captured using a Pco.edge 5.5 camera. Images were reconstructed using ZEN software (black edition, 2012, version 8.1.0.484) based on a structured illumination algorithm, using synthetic, channelspecific optical transfer functions and noise filter settings ranging from −6 to −8.
Epifluorescence microscopy for the colocalization studies and fluorescence ratio analysis was performed using a Zeiss Axio Observer microscope with a planapochromat 100× /1.4 oil Ph3 objective. Images were acquired with a Retiga R1 CCD camera (QImaging) using Metamorph 7.5 software (Molecular Devices).
lifetimes were obtained by analysing the fluorescence decays through a least square iterative reconvolution of decay functions with the instrument response function using the software SPCImage (Becker and Hickl). Monoexponential decays were considered in this analysis. Average FRET efficiencies in each cell were determined from = − seFRET quantification. COL cells expressing mCherry-sGFP (cytoplasmic tandem, E = 12% as determined by FLIM-FRET), sGFP fusion only (donor only), mCherry fusion only (acceptor only), both sGFP and mCherry fusions (double), as well as COL cells containing the empty pCNX vector, were grown to the midexponential phase. To obtain microscopy images with the five types of cells, a similar number of cells from each strain was mixed together, pelleted, suspended in PBS and placed on a PBS agarose slide. Imaging was performed on a Zeiss Axio Observer.Z1 microscope equipped with a Photometrics CoolSNAP HQ2 camera (Roper Scientific) and a Colibri Light-Emitting Diode illumination system (Zeiss), using ZEN blue software. Cells were imaged for a donor signal (300 ms, excitation: 470 nm/emission: 502.5-537.5 nm), a FRET signal (1,500 ms, excitation: 470nm/emission: 603.5-678.5 nm) and an acceptor signal (3,000 ms, excitation: 555 nm/emission: 603.5-678.5 nm) sequentially. FRET efficiency was calculated as described in Chen et al. 43 , by measuring the autofluorescence in each channel of ColpCNX cells, calculating correction factors for channel bleeding and crosschannel excitation using donor-only and acceptor-only cells, and calculating the ratio between sensitized acceptor emission and quenched donor emission due to FRET (G) 44 , using the cytoplasmic tandem and the FRET E value determined by earlier FLIM experiments. The G value 44 was used to quantify the FRET efficiency of sets of proteins, using the donor, acceptor and FRET channel measurements in cells expressing two fluorescent proteins.
To perform seFRET quantification on subcellular regions, in-house developed software (available at https://github.com/BacterialCellBiologyLab/PyFRET) was used to identify single cells, as previously described 22 . The background for each cell was locally calculated and removed from each channel signal. In addition, autofluorescence (the median signal value of wild-type cells) was subtracted. To define subcellular regions, the software then separated the membrane of each cell by expanding the cell outline inwards. Following membrane identification, the septum was detected using an isodata algorithm, corresponding to the inner region of the cell with the most fluorescence. After this segmentation, user input defined which cells corresponded to each strain based on the presence or absence of donor and acceptor signals. Correction factors were taken from the membrane and septum signals, and the E values were then calculated for each cell of strains expressing a pair of proteins, using the septal signal only.
Statistical analysis. Statistical analyses were done using Microsoft Excel 2010 to calculate the P values using the two-tailed Mann-Whitney U-test. P < 2.22 × 10
−16
could not be accurately determined and are reported as P < 10 −16
. P ≤ 0.05 were considered as significant for all analysis performed and were indicated with asterisks: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001. Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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